Satellite infrared sensors only observe the temperature of the skin of the ocean rather than the bulk sea surface temperature (SST) traditionally measured from ships and buoys. In order to examine the differences and similarities between skin and bulk temperatures, radiometric measurements of skin temperature were made in the North Atlantic Ocean from a research vessel along with coincident measurements of subsurface bulk temperatures, radiative fluxes, and meteorological variables. Over the entire 6-week data set the bulk-skin temperature differences (AT) range between -1.0 and 1.0 K with mean differences of 0.1 to 0.2 K depending on wind and surface heat flux conditions. The bulk-skin temperature difference varied between day and night (mean differences 0.11 and 0.30 K, respectively) as well as with different cloud conditions, which can mask the horizontal variability of SST in regions of weak horizontal temperature gradients. A coherency analysis reveals strong correlations between skin and bulk temperatures at longer length scales in regions with relatively weak horizontal temperature gradients. The skin-bulk temperature difference is pararneterized in terms of heat and momentum fluxes (or their related variables) with a resulting accuracy of 0.11 K and 0.17 K for night and daytime. A recommendation is made to calibrate satellite derived SST's during night with buoy measurements and the additional aid of meteorological variables to properly handle AT variations. While above and below this thin skin, turbulent eddy exchange mechanisms carry the heat away from the interface into the ocean and/or atmosphere, these eddy transports cannot carry the heat across the ocean's surface (except by spray bubbles), which is instead accomplished by molecular processes within the skin layer. Thus the existence of the ocean's skin layer has been both observed and explained by various theoretical and empirical studies. In this paper we will use observations to further explore the character of the skin layer, its relationship to external heat fluxes, and its relationship to coincident measurements of bulk temperatures.
cooling (or warming) the skin layer. It is these infrared frequencies that are presently used for the remote sensing of SST. Concurrently, the transfer of latent and sensible heat from the ocean to the atmosphere (or vice versa) leads to further, often dominant, cooling at the sea surface. The magnitude of these turbulent fluxes depends on the air-sea temperature and water vapor mixing ratio differences as well as on the surface wind speed creating the turbulent exchanges of heat and momentum. In general the latent heat flux is greater than either the sensible or the longwave radiative fluxes. Nevertheless, as a turbulent flux it does not directly penetrate the ocean's surface, but the heat is exchanged across the skin layer by molecular processes. Only solar insolation is able to penetrate the ocean's surface and transfer heat into the ocean below the skin layer. Depending on the amount of suspended material in the near-surface layer the solar radiation may be absorbed within the upper few decimeters (highly turbid coastal waters) or extend down to decameters in the clearer waters of the open ocean.
During the day, solar heating warms the upper meter of the ocean, creating under low wind conditions, an afternoon temperature maximum (Figure l a) a few millimeters below the surface [Grassl, 1977] . Below this shallow temperature maximum is the diurnal transition to the lower temperatures of the ocean's mixed layer [Price et al., 1987] while above it the temperature drops from the shallow maximum to create the cool skin of the ocean. At night this maximum is erased by vertical mixing, creating the typical nighttime profile as shown in Figure  lb . This profile exhibits the cooler skin layer which is maintained at night by the longwave and turbulent fluxes. These diagrams are intended only to display some very simple cases that generally occur. The great variety of atmospheric and oceanic conditions that actually take place may produce near-surface temperature profiles that do not exactly fit either of these cases. In any event the thin skin of the ocean persists as a feature.
Differences (AT) between the bulk temperature measured more than a meter below the surface and the surface skin temperature range from -1.0 to 1.0 K [Robinson, 1985] . While this temperature difference appears to be quite small, it is significant range from 0.5 to 1.5 K [McClain et al., 1985] . These differences can be attributed to uncompensated atmospheric variability, noise in the radiometric satellite measurements, errors in the buoy data, and the differences between skin and bulk temperatures. Skin temperature estimates [Schluessel et al., 1987] Also continuously measured as 1-min means were the downwelling longwave irradiance (with an Eppley Pyrgeometer) and the incoming solar irradiance (with a Kipp und Zonen Pyranometer). Together these measurements provided data to compute the radiative heat balance (accurate to about 10 W/m2). Other meteorological variables measured to compute the turbulent fluxes of sensible and latent heat were the air and wet bulb temperatures (calibrated to give 0.0125 K accuracy over 1-min intervals apart from ship effects), wind speed and direction as well as ship's speed and direction (5-rain means of data accurate to 0.1 m/s and 5ø), and cloud cover (hourly observer estimates). All these measurements were taken at 20 m above sea level. Also measured each hour were sea level pressure (0.01 kPa accuracy) and sea state (observer estimate). This suite of measurements allows one to make a thorough study of the surface thermodynamics and the influence they have on the skin temperature and its difference with the subsurface bulk SST. Collected over the entire length of the cruise, these data cover a wide range of meteorological conditions that occurred in the northeast Atlantic.
CALIBRATION OF TIlE RADIATION THERMOMEWER
Grassl and Hinzpeter [ 1975] described the many possible influences on radiative measurements of SST that complicate the calibration of a radiation thermometer operating from a ship. In response they developed a continuous calibration system that was used in this experiment. The system provides calibration information to compensate for the following effects: (1) the deviation of the sea surface emissivity from unity, .including the variations of surface reflectivity at viewing angles other than nadir, (2) contributions to the PRT-5 measurements due to reflected radiation from clear sky and clouds, (3) contamination of the entrance optics by sea spray, (4) the temperature drift of the internal reference blackbody, and (5) The temperature of the reference bath, being the same as the ocean temperature, within a few tenths of a kelvin, was continuously monitored with a platinum resistance thermometer having an accuracy of 0.0125 K. The relationship between reference temperature and radiometer counts was linear for all of the 2 x 10 calibration measurements taken during the cruise (not shown here). The slope of this linear relationship was determined by regression between temperature and counts, while the offset for the actual measurement was taken from the mean of two subsequent calibration cycles. This also compensated for changes in the radiation reflected from moving fields of scattered clouds during calibration and measurement cycles. Calibrated in this way, the final accuracy of the skin temperature measurements was 0.05 K; without this rather complicated calibration procedure the radiometric temperatures might deviate by several degrees from the true skin temperatures owing to the effects listed above.
DATA PROCESSING
Laboratory calibrations on all of the sensors except the PRT-5 were performed before and after the experiment. No changes of calibration constants were encountered. Using these calibrations, all erroneous data caused by the ship's radio traffic (received by the data logger) and by the ship's funnel plume were edited out. Errors caused by radio traffic were easily detected, since totally unrealistic measurements were produced. The impact of the warm exhaust plume on the mast measurements (radiation sensors, wet and dry bulb thermometers) was checked using the wind velocity relative to the ship. The mast was placed approximately 10 m in front of the funnel. All mast data (i.e. air temperature, wet bulb temperature, as well as longwave and downwelling shortwave irradiances) were rejected for wind directions between 150 ø and 210 ø relative to the ship. Further error checks were performed by editing out all physically unreasonable data. An intercomparison of water temperatures at the lower three levels led to the rejection of temperatures that were more than 0.25 K away from the mean of these temperatures. All parameters were checked for temporal coherency within five sampling intervals. A measurement spike was eliminated if it deviated by more than a given limit from the mean of the adjacent four samples taken before and after the current sample. The limits used were 2 K for the skin temperature; 1 K for the water temperature at-0.1 m; 0.5 K for the water temperatures at -2, -4 and -7 m; 1.5 K for air and wet bulb temperatures' 50 W/m 2 for the longwave downwelling irradiance; 500 W/m 2 for the shortwave downwelling irradiance; 10 ntis for the wind speed; 45 ø for the wind direction; and 0.7 K for the bucket temperature (this test was performed before the actual calibration of the PRT-5). About 3.3% of the total data set for each parameter was rejected by this filtering procedure.
DEPENDENCE OF AT ON HEAT FLUXES AND WIND STRF3S
Following Saunders [1967] , the bulk-skin temperature difference should depend on both surface heat fluxes and the kinematic stress on the surface. In order to compute the heat flux we have to parameterize the shortwave albedo and the longwave emissivity of the surface as well as the turbulent fluxes. Also They suggest that small oceanic features can be hidden by the difference between bulk and skin temperature when observing the ocean with satellite infrared radiomerry. In this case the "noise" introduced by the AT differences masks the horizontal temperature gradients in bulk temperature. Separating the hourly mean nighttime values and fitting them to (9) gives a poor correlation of 0.26 for a constant •, = 4.5. Therefore we varied X with wind speed seeking for the best relationship between the left-and right-hand sides of (9) as was done by Grassl [1976] . However, the values found by Grassl for the tropical Atlantic do not seem to fit here. They give AT values that are too high at low wind speeds and cause an underestimate at higher wind speeds. For 1 m/s intervals, X was recomputed yielding the values for the current dataset given in Table 1 The standard deviations corresponding to the AT values given in Table 3 are smaller, ranging from 0.15 to 0.2 K; however they The overall decrease from the perfect coherence at the longest wavelengths to a minimum at the shortest wavelengths indicates that skin and bulk temperature are highly correlated at longer length scales where oceanic features with strong gradients in their surface temperatures are not hidden by the skin effect. At the same time they are clearly not coherent for the shorter spatial scales; here the variation of bulk-skin temperature differences seems to be larger than horizontal signatures in the bulk temperatures. The same general pattern was found in all coherence spectra during this cruise. Thus satellite skin temperatures should represent well the larger spatial scales of the long-term and mesoscale ocean circulations. This also explains why infrared satellite imagery often clearly reflects the presence of mesoscale ocean circulations (eddies, meanders, fronts, etc.).
The intermediate coherence peaks, in Figure 9a , are thought to be due to the presence of ocean mesoscale eddies in this segment of the cruise track. There is some evidence of such mesoscale ocean eddies in previous data from this region [Gould, 1983] . It is not possible from our data alone to verify the dynamic nature of these features, but it appears reasonable to assume that the coherence at these wavelengths is due to the temperature gradients within these eddies surmounting the skin effect. Almost the same appearance is present in track segment 5, which again has some intermediate mesoscale events in the coherence spectrum. The phase spectrum (not shown) corresponding to Figure 9a (segment 1) is almost zero across the entire range of wavelengths, indicating that both bulk and skin temperatures vary in phase. Figure 9b contains the coherence spectrum for the shortest segment (segment 2). Similar to segment 1, the overall pattern is a decrease from highest coherence at the longest wavelengths. In segment 6 the coherence is high at wavelengths larger than 240 km and drops off dramatically at shorter length scales. Both this and the segment 5 coherence spectrum have 95% confidence limits that are quite narrow at the higher coherences. Also, the phase spectra for both of these coherence spectra are essentially zero, indicating an in-phase relationship between bulk and skin temperatures.
Taking a coherency of > 0.7 (corresponding to a squared coherency of > 0.49) as a threshold defining a "good correspondence" between skin and bulk temperatures, we conclude that for length scales greater than 150 km the skin temperature is representative of the bulk temperature ocean variability even though individual skin-bulk temperature differences (at shorter wavelengths) show fluctuations on the order of 0.3 K. This threshold length scale might shift to lower values in those areas where strong horizontal gradients of SST overwhelm the skin effect and/or the AT variations due to diurnal thermoclines. On the other hand, even small horizontal temperature gradients might be detected in satellite images at large but constant bulk-skin temperature differences due to nearly homogeneous horizontal distributions of heat and momentum fluxes through the surface. These conditions can often be observed in infrared images where large areas are synoptically scanned and which do not show the temporal variation of AT as seen in the time series taken by the ship measurements. CONCLUSION K at night and 0.11 K during the day. Strongest skin cooling occurs during night under clear skies, a preferred condition for infrared remote sensing of the sea surface. The implications for SST retrievals from satellite data are most important when observing diumal warmings of the surface and when calibrating SST retrieval techniques with in situ buoy measurements. For the latter we recommend nighttime comparisons to avoid the diurnal thermocline and to include meteorological variables in a prediction model for AT which should give the best "match-up" between satellite-derived skin temperatures and bulk temperatures measured from buoys. At night, SST retrievals can be carried out with the aid of the 3.7 gm channel for cloud detection and filtering. Another type of calibration could be achieved by comparing remotely sensed SST's with in situ skin measurements; however, this requires a more sophisticated in situ experimental setup which is not practical for operational use.
